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Multi-domain cognitive assessment
of male mice shows space radiation
is not harmful to high-level
cognition and actually improves
pattern separation
Cody W. Whoolery1,5,10, Sanghee Yun 2,3,10, Ryan P. Reynolds1,2, Melanie J. Lucero1,
Ivan Soler6, Fionya H. Tran2, Naoki Ito1,7, Rachel L. Redfield1, Devon R. Richardson1,
Hung-ying Shih4, Phillip D. Rivera1,8, Benjamin P. C. Chen4, Shari G. Birnbaum 1,
Ann M. Stowe5,9 & Amelia J. Eisch 1,2,3,6*
Astronauts on interplanetary missions - such as to Mars - will be exposed to space radiation, a spectrum
of highly-charged, fast-moving particles that includes 56Fe and 28Si. Earth-based preclinical studies
show space radiation decreases rodent performance in low- and some high-level cognitive tasks. Given
astronaut use of touchscreen platforms during training and space flight and given the ability of rodent
touchscreen tasks to assess functional integrity of brain circuits and multiple cognitive domains in a
non-aversive way, here we exposed 6-month-old C57BL/6J male mice to whole-body space radiation
and subsequently assessed them on a touchscreen battery. Relative to Sham treatment, 56Fe irradiation
did not overtly change performance on tasks of visual discrimination, reversal learning, rule-based,
or object-spatial paired associates learning, suggesting preserved functional integrity of supporting
brain circuits. Surprisingly, 56Fe irradiation improved performance on a dentate gyrus-reliant pattern
separation task; irradiated mice learned faster and were more accurate than controls. Improved
pattern separation performance did not appear to be touchscreen-, radiation particle-, or neurogenesisdependent, as 56Fe and 28Si irradiation led to faster context discrimination in a non-touchscreen task
and 56Fe decreased new dentate gyrus neurons relative to Sham. These data urge revisitation of the
broadly-held view that space radiation is detrimental to cognition.
Interplanetary missions - such as to Mars - are a high priority for many space agencies. The crew of future missions will face hazards1–3, such as exposure to galactic cosmic radiation4–7 a spectrum of low and high-(H) atomic
number (Z) and high-energy (E) particles such as 56Fe and 28Si. Fast-moving HZE particles cannot be effectively
blocked by modern spacecraft shielding8–11. Therefore, it is concerning that studies with laboratory animals generally conclude HZE particles are detrimental to brain and behavior12–14. Such preclinical data suggest HZE particle exposure may be harmful to astronaut cognition and impede mission success.
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However, there are reasons to revisit the conclusion that HZE particle exposure is detrimental to cognition.
First, age at the time of irradiation matters. Most preclinical data that led to the Probabilistic Risk Assessment of
HZE particles being detrimental to cognition were from tests performed on young adult rodents (~2-3 months
[mon] at exposure)14; in many cases, age at testing was not reported14. To more accurately reflect the average age
of astronauts, NASA now requires ground-based space studies to be performed in mature animals (~6-mon-old
at irradiation)14–24. Indeed, some studies now directly compare the cognitive impact of HZE irradiation in early
life vs. maturity25–28, although the results are mixed. Second, type of behavioral test matters. Recent work with
mature rodents shows HZE particle exposure decreases performance in some - but not all - behavioral tests;
even tests that engage similar neural circuits produce distinct results14–20,29. A potential contribution to these
task-dependent discrepancies is task-specific testing environment. In humans (including astronauts), automated computerized cognitive assays help control for the influence of testing environments30–32. However, such
an approach has not been used to assess cognition in mature rodents after HZE exposure. Third, breadth of
testing matters. Preclinical studies on space radiation typically assess one or two cognitive domains33–35. In contrast, astronauts repeatedly undergo test batteries - often on a touchscreen platform - to assess integrity of many
cognitive domains over time30,36. To this end, many aspects of neuroscience have employed rodent touchscreen
testing, a platform extensively validated for its ability to provide multidimensional assessment of functional integrity of brain circuits in a highly-sensitive and translationally-relevant way37–39. In regard to space radiation, it is
known that head-only exposure of young adult rats exposed to protons (a low energy particle) does not change
acquisition or reversal learning on a touchscreen line discrimination task40. However, given the power of touchscreen testing, it is surprising that it is not known how whole body exposure of mature rodents to HZE particles
influences performance on a battery of rodent touchscreen tests. This is particularly notable as the touchscreen
platform permits analysis of many higher cognitive functions - such as pattern separation - which are part of the
astronaut’s mission-critical skill set yet which have not been preclinically assessed for their sensitivity to space
radiation.
To address these major knowledge gaps, mature C57BL/6J male mice received either Sham irradiation (IRR)
or whole body 56Fe particle IRR and were assessed on a battery of touchscreen cognitive tasks to assess complex
learning, cognitive flexibility, visuospatial learning, and stimulus-response habit learning39,41–43. This touchscreen
battery revealed an unexpected finding: improved pattern separation in 56Fe IRR vs. Sham mice. To assess whether
this improvement was dependent on touchscreen testing or on 56Fe IRR, we then assessed separate cohorts of 56Fe
IRR vs. Sham mice for pattern separation performance in a non-touchscreen task, contextual discrimination fear
conditioning (CDFC), and also assessed the impact of 28Si IRR vs. Sham on CDFC. Irrespective of whether tested
on a touchscreen or non-touchscreen platform, or whether CDFC mice received to 56Fe or 28Si IRR, IRR mice
had better pattern separation than Sham mice. Taken together, these data show whole body exposure to HZE
particles is not detrimental to high level cognition in mature mice and actually enhances performance in certain
mission-critical tasks, such as pattern separation.

Results

Mice given whole body 56Fe IRR demonstrate overall normal perceptual discrimination, association learning, and cognitive flexibility in touchscreen testing. Six-mon-old male C57BL/6J mice

received either Sham IRR or fractioned (Frac) whole body 20 cGy 56Fe (3 exposures of 6.7 cGy every-other day,
total 20 cGy) (Figs. 1a,c,e). This total dose is submaximal to that predicted for a Mars mission44,45, and the fractionation interval (48 hours [hr]) was determined by the inter-fraction period for potential repair processes46. As
previously reported47, this dose and these fractionation parameters do not interfere with weight gain or cause hair
loss (Fig. S1a).
Beginning 1 mon post-IRR, Sham and 56Fe IRR mice began training on a touchscreen platform extensively
validated in rodents39,41,43,48,49(Fig. 1a,b). Mice initially went through five stages of general touchscreen training
(Fig. 2a), with performance reflecting instrumental or operant learning. Sham and 56Fe IRR mice completed most
stages of the initial operant touchscreen training in similar periods of time (Fig. 2a). The exception was the final
stage, Punish Incorrect (PI, where an incorrect trial to timeout); on average, 56Fe IRR mice finished PI in ~40%
fewer days versus Sham mice (Fig. 2a, Table S1).
Mice then advanced to pairwise discrimination (PD, visual discrimination) and PD reversal (reversal learning,
Fig. 2b,c), tests which reflect perceptual discrimination and association learning as well as cognitive flexibility,
respectively, and rely on cortical (prefrontal, orbital frontal, perirhinal) and striatal circuits41,48. On average, both
56
Fe IRR and Sham mice completed PD and PD reversal in a similar number of days (Fig. 2d, Table S1). Analysis
of the distribution of subjects to reach criteria each day revealed significant difference between Sham and 56Fe
IRR mice (Fig. 2e). Specifically, 50% of Sham mice reached PD completion criteria at 9.5 days, while 50% 56Fe IRR
mice reached criteria at 12 days. However, Sham and 56Fe IRR mice did not differ with regard to average session
length, percent correct, or number of errors (Fig. 2f,h). In PD reversal, the distribution of subjects to reach completion criteria was not different between Sham and 56Fe IRR mice (Fig. 2i), with 50% of Sham and 56Fe IRR mice
reaching PD reversal completion criteria at 15 and 14 days, respectively (Fig. 2i). As with PD, Sham and 56Fe IRR
mice did not differ in PD reversal average session length, percent correct, or number of errors (Fig. 2j,l).

Mice given whole body 56Fe IRR demonstrate normal visuospatial learning and stimulusresponse habit learning in touchscreen testing. A parallel group of mice was used to assess the influ-

ence of 56Fe IRR object-location paired associates learning (PAL) and visuomotor conditional learning (VMCL)
which reflect visuospatial and stimulus-response habit learning, respectively, and rely on intact circuits of the
hippocampus41,43 (PAL) and striatum and posterior cingulate cortex41,43 (VMCL, Fig. 1b). Consistent with results
in the first cohort of mice, Sham and 56Fe IRR mice completed most stages of operant touchscreen training in
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Figure 1. Timeline of experimental groups and behavior tests. (a-e) Separate, independent cohorts of C57BL/6J
male mice (JAX Cat. #000664) received whole-body exposure to particles of 56Fe (a-c, e), 28Si (d), or Sham
exposure at 6-months (mon) of age (0-mon post-irradiation [IRR]). (a) 56Fe or Sham mice subsequently were
run on TS training, PD, PD rev, and LD. (b) 56Fe or Sham mice were run on TS training, PAL, and VMCL.
(c) 56Fe or Sham mice were run on CDFC. (d) 28Si or Sham mice were run on CDFC. (e) 56Fe or Sham mice
were run on LM, CFC, D/L, and PT, and brains were collected for DCX + cell quantification. For each set of
mice shown (a-e), the interval between radiation exposure and behavioral testing was equal between Sham
and IRR groups. Specifically, the beginning of each major behavioral test shown above was synchronized
in Sham and IRR cohorts. CDFC = contextual discrimination fear conditioning, CFC = contextual
fear conditioning, D/L = dark/light box test, Frac = fractionated, IRR = irradiation, LD = location
discrimination, LM = locomotor, mon = months, Non-Frac = non-fractionated, PAL = paired associates
learning, PD = pairwise discrimination, PD rev = PD reversal, PT = pain threshold, TS = touchscreen,
VMCL = visuomotor conditioning learning.

similar periods of time (Fig. 3a), again with the exception of PI where 56Fe IRR mice finished in ~20% fewer days
than Sham.
In PAL (Fig. 3b), Sham and 56Fe IRR mice were similar in session length, number of trials, percent correct,
and number of errors over the 29-day testing period (Fig. 3c-f). In both VMCL train and test (Fig. 3g,h), Sham
and 56Fe IRR mice had similar average days to completion (Fig. 3i). In VMCL train, Sham and 56Fe IRR mice
performed similarly in regard to distribution of subjects to reach criteria each training day (50% subjects reached
criteria at 10 days in Sham mice vs. 9 days in 56Fe IRR mice), session length, number of trials, percent correct,
and number of errors (VMCL train; Fig. 3j-n, Table S1). In VMCL test, Sham and 56Fe IRR mice had similar distribution of subjects to reach criteria each training day (50% of subjects reached criteria at 22 days in Sham mice
vs. 23 days in 56Fe IRR mice), session lengthpercent correct, percent missed, and number of errors (VMCL test;
Figs. 3o-s, Table S1). However, the time to complete the session on the last day of VMCL test was longer in 56Fe
IRR relative to Sham mice (Fig. 3p).

Whole body 56Fe IRR improves pattern separation in an appetitive-based location discrimination touchscreen task. A brain region commonly studied with regard to space radiation-induced deficits
in function and activity-dependent processes (i.e. neurogenesis) is the hippocampal dentate gyrus47,50–52. Based
on prior work, we hypothesized whole body 56Fe IRR impairs pattern separation, a cognitive function reliant on
dentate gyrus integrity53,54. To test this hypothesis, Sham and 56Fe IRR mice were assessed on a touchscreen pattern separation task: location discrimination (LD)39(Fig. 1a). In the LD training portion of the assessment (LD
train, Fig. 4a), Sham and 56Fe IRR mice had similar distribution of the proportion of subjects reaching criteria
(Fig. 4b), average days to completion, session length, and percent correct (Fig. 4c,e). However, Sham and 56Fe IRR
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Figure 2. Mice exposed to 56Fe IRR at 6-month of age complete the final stage of general touchscreen
training in fewer days compared to Sham mice, but perform similarly to Sham mice overall in the Pairwise
Discrimination (PD) and reversal (PD rev). (a) Sham and 56Fe IRR mice performed similarly in the first four
steps of general touchscreen training with two windows: Habituation (Hab), Initiate Touch (IT), Must Touch
(MT), and Must Initiate (MI). However, 56Fe IRR mice completed the Punish Incorrect (PI) stage of general
touchscreen training in fewer days than Sham mice. (b-c) Sample touchscreen images for PD and PD reversal
tests. (d) Sham and 56Fe IRR mice completed PD and PD rev in similar number of days. (e) Cumulative
distribution function showing the difference in the rate of days required to complete PD between Sham and 56Fe
IRR mice. (f–h) Sham and 56Fe IRR mice performed similarly in PD. (f) session length, (g) percent (%) correct,
(h) Error number (#). (i) Cumulative distribution function showing no difference in the test days required to
complete PD rev between two groups. (j–l) Sham and 56Fe IRR mice performed similarly in PD rev. (j) Session
length, (k) % correct, (l) Error #. Sham: n = 12, IRR: n = 12. Mean ± SEM. Two-way RM ANOVA in a,d,f–h,j–l,
*p < 0.05, ****p < 0.0001, post hoc: Bonferroni a p < 0.05 in Sham vs. 56Fe; Mantel-Cox test in e,i, *p < 0.05.
s = seconds.

mice differed in LD performance (LD test, Fig. 4f) in several aspects. First, the distribution of proportion of subjects reaching criteria was distinct in 56Fe IRR mice vs. Sham mice (Fig. 4g). 56Fe IRR mice reached criteria at >3x
faster rate vs. Sham mice, and 50% of 56Fe IRR mice reached criteria by 4 days versus Sham mice reaching criteria
by 6 days. Second, 56Fe IRR mice completed LD test in fewer days than Sham mice (Fig. 4h), although both groups
showed similar session length and number of completed trials (Fig. 4i,j). Third, 56Fe IRR mice performed LD test
more accurately than Sham mice both overall (Fig. 4k) as well when presented with stimuli separated by either
large or small distances (Fig. 4l).
We next behaviorally-probed reasons why 56Fe IRR mice had improved pattern separation relative to Sham
mice. For example, the improved location discrimination in 56Fe IRR mice may be reflective of unintentional
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Figure 3. Mice exposed to 56Fe IRR at 6-month of age complete the final stage of general touchscreen testing in
fewer days than Sham mice, but perform similarly to Sham in tests of rule-based learning and stimulus-response
habit learning. (a) Sham and 56Fe IRR mice performed similarly in the 4 first steps of general touchscreen
training stages with three windows, including Habituation (Hab), Initiate Touch (IT), Must Touch (MT), and
Must Initiate (MI). However, 56Fe IRR mice completed the Punish Incorrect (PI) stage of general touchscreen
training in fewer days than Sham mice. (b) Sample touchscreen images for Paired Associates Learning (PAL). (c–
f) Sham and 56Fe IRR mice performed similarly in PAL. (c) session length, (d) completed trials, (e) percent (%)
correct, (f) Error number (#). (g,h) Sample touchscreen images for Visuomotor Conditional Learning (VMCL)
train and test phases. (i) Sham and 56Fe IRR mice performed similarly in VMCL train and test. (j) Cumulative
distribution function showed no difference in days required to complete training. Distribution of Sham and 56Fe
IRR mice (n = 11/group) did not differ in days required to complete VMCL training. (k–n) Sham and 56Fe IRR
mice performed similarly in VMCL train. (k) session length, (l) completed trials, (m) % correct, (n) Error #. (o)
Cumulative distribution function showed no difference in days required to complete VMCL test. Distribution of
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Sham and 56Fe IRR mice (n = 11/group) did not differ in VMCLtest. (p–s) Sham and 56Fe
IRR mice performed similarly in VMCL test. (p) Session length, (q) % correct, (r) % missed, (s) Error #. Sham:
n = 12 (a–f), 11 (i–s), IRR: 12 (a–f), 11 (i–s). Mean ± SEM. Two-way RM ANOVA in a,c–f,i,k–n,p–s, *p < 0.05,
**p < 0.001, ****p < 0.0001, post hoc: Bonferroni a p < 0.05, a’ p < 0.01 in Sham vs. 56Fe; Mantel-Cox test in j,o.
screen touches, perhaps due to IRR-induced alteration of attention to stimuli or motivation to obtain reward.
However, the number of blank touches (Fig. 4m), reward collection latency (Fig. 4n), and choice latency
(Fig. 4o,p) were not different between 56Fe IRR mice and Sham mice. Also, since the location of the rewarded
stimuli changed daily but maintained within each session, it is possible that pattern separation is progressively
improved within a session, particularly on the last test day. Sham and 56Fe IRR mice had similar last day block
duration and left/right touches during intertrial interval, but 56Fe IRR mice had a greater percent correct during
the 4th 10-trial block relative to Sham mice (Fig. 4q,r,t). In addition, while Sham mice did not differ between the
1st and 4th 10-trial blocks on the last day, 56Fe IRR mice had fewer blank touches in the 4th 10-trial block relative
to the 1st 10-trial block. These data suggest that on the last day of LD, 56Fe IRR mice demonstrate within-session
enhanced pattern separation (Fig. 4s).

Whole body 56Fe and 28Si IRR improves pattern separation in a foot shock- based contextual
discrimination task. To assess whether 56Fe IRR-induced improvement in pattern separation was restricted

to appetitive tasks, a parallel cohort of mice was exposed to Sham or 56Fe IRR and tested on pattern separation
using a classic pattern separation behavior paradigm: contextual discrimination fear conditioning (CDFC)54,55. To
specifically assess whether particle inter-fraction interval influenced behavioral outcome, 6-mon-old C57BL/6J
mice received Sham IRR, whole body fractionated 20 cGy (Frac 20 cGy; 3 exposures of 6.7 cGy) 56Fe IRR, or
whole body non-fractionated 20 cGy (Non-Frac 20 cGy; 1 exposure of 20 cGy) 56Fe IRR (Fig. 1c). As previously
reported47, Sham IRR, Frac 20 cGy, and Non-Frac 20 cGy mice had similar weight changes over time (Fig. S1a).
Beginning ~2-mon post-IRR (8 mon of age), mice underwent CDFC (Figs. 5, S2) to learn that one context
(Context A) was paired with a foot shock while another similar context (Context B) was a non-shock context.
When tested in CDFC, Sham mice discriminated the two contexts by Days 9–10 (Block 5), as they froze more in
the shock-paired context (Context A) compared to the non-shock context (Context B; Fig. 5a, Table S1). However,
mice exposed to either Frac 20 cGy or Non-Frac 20 cGy of 56Fe IRR discriminated the contexts by Days 3–4 (Block
2, Fig. 5b,c, Table S1). Direct comparison across treatment groups revealed Frac 20 cGy and Non-Frac 20 cGy
mice froze more in Context A vs. Context B in Blocks 2 and 4, earlier than Sham (Fig. 5d,f, Table S1). Possible
explanations for these results include differential activity, anxiety, or pain sensitivity in Sham vs. 56Fe IRR mice.
To address these possibilities, parallel groups of mice underwent assessment for locomotion (Fig. S1b), dark/light
testing (Fig. S1c,d) and pain threshold (Fig. S1e,g). However, Sham, Frac, and Non-Frac mice performed similarly
on all these tests (Fig. S1b,g). Thus, both Frac and Non-Frac 20 cGy 56Fe IRR mice learned to pattern separate
earlier relative to Sham mice without overt changes in locomotion, anxiety-like behavior, or sensitivity to pain.
To determine if the improvement in CDFC pattern separation generalized to other fear-based hippocampaland amygdala-based learning, a parallel cohort of mice received Sham or 56Fe IRR and underwent classical contextual fear conditioning (CFC; Fig. 1e, Fig. S3a,b). Sham and 56Fe IRR mice (both Frac and Non-Frac 20 cGy
groups) performed similarly in the context test (Fig. S3c) and in the cue test both pre-tone and during tone
(Fig. S3d). Importantly, to see if the space radiation-induced improvement in CDFC was dependent on the type
of heavy particle used, CDFC was also performed with mice exposed to whole body 28Si IRR (Figs. 1d and 6), a
particle with a smaller track structure than 56Fe56. Sham mice spent more time freezing in Context A vs. Context
B only on Days 9–10 (Block 5) and Days 15–16 (Block 8, Figs. 6a). Mice exposed to 20 cGy of 28Si discriminated
between the two contexts as early as Days 11–12 (Block 6; Fig. 6bf). Notably, mice exposed to 100 cGy of 28Si were
able to discriminate between the two contexts as early as Days 5–6 (Block 3; Fig. 6ce,f). Taken together, these data
show that exposure to two different HZE particles - either 56Fe or 28Si - results in earlier separation ability relative
to Sham mice on the shock-based CDFC pattern separation test.
56

Fe IRR decreases dentate gyrus neurogenesis 4 mon post-IRR. Pattern separation ability is
dependent on new dentate gyrus neurons as well as dentate gyrus activity, and an inducible increase in adult
neurogenesis improves pattern separation54,57,58. To assess whether the IRR-induced improvement in pattern separation reported here was correlated with increased neurogenesis, we used stereology to quantify the number of
cells in the dentate gyrus immunoreactive for doublecortin (DCX, Fig. 7a), a widely-accepted marker for neurogenesis59. Although mice exposed to either Frac or Non-Frac 56Fe IRR had improved context discrimination compared to control mice (Fig. 5), these mice had fewer DCX + cells compared to control mice (Fig. 7b,c, Table S1).

Discussion

Astronaut training and in-mission assessment rely on touchscreen testing due to its flexibility in probing a variety
of cognitive functions. Rodent touchscreen testing similarly allows researchers to probe the multidimensional
functional integrity of brain circuits in a highly-sensitive and translationally-relevant way37,39,41,60, but prior to
the present work it was unknown how exposure to the HZE particles that comprise space radiation influences
touchscreen performance. Based on the large literature with young animals and the negative impact of HZE
particle exposure on the central nervous system13,61, we hypothesized whole-body exposure to ground-based
HZE particles would diminish the performance of mice in touchscreen-based behaviors, particularly those
behaviors reliant on the dentate gyrus, such as pattern separation. The results of our multi-domain cognitive
assessment showed our hypothesis was wrong. Mature mice exposed to either Sham IRR or HZE particles
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Figure 4. On an appetitive pattern separation task, mice exposed to 56Fe IRR at 6-month of age distinguish
two similar visual cues earlier and with greater accuracy on the last test day relative to Sham mice. (a) Sample
touchscreen images for location discrimination training (LD train). (b–e) Sham and 56Fe IRR mice performed
similarly in LD train. (b) Distribution of subjects reaching criteria, (c) days to completion, (d) session
completion time, (e) % correct. (f) Sample touchscreen images for LD testing (LD test). (g–j) 56Fe IRR mice
completed the LD test earlier than Sham (g,h), but no difference in session completion time (i) or number
of completed trials (j). (k,l) 56Fe IRR mice were more accurate overall (k) and on both “Large” and “Small”
separation trials compared to Sham mice (l). (m–p) Sham and 56Fe IRR mice made similar number of blank
touches to non-stimuli windows (m) and had similar reward collection latency (n), correct image response
latency (o), and incorrect image response latency (p). (q–t) Sham and 56Fe IRR mice had similar block duration
in each 10-trial block (q). However, 56Fe IRR mice had higher accuracy in the 4th 10-trial block (31st–40th trial)
compared to Sham mice (r). Sham and 56Fe IRR mice made similar number of blank touches in each block (s)
and left and right touches during inter-trial interval (ITI) (t). Sham: n = 12, IRR: n = 12. Mean ± SEM. MantelCox test, *p < 0.05 in b, g; Unpaired, two-tailed t-test in c-e, h-i, k, m-p; Two-way RM ANOVA,*p < 0.05,
**p < 0.01, post hoc: Bonferroni in j, l, q-t, a p < 0.05, a’ p < 0.01 in Sham vs.56Fe mice in l, r, c’ p < 0.01 1st and
4th block in 56Fe mice in s. s = seconds.

performed similarly in touchscreen tasks of visual discrimination, cognitive flexibility, rule-based learning, and
object-spatial associated learning, in classical hippocampal- and amygdala-based tasks (i.e. CFC), and in tasks
that detect anxiety-like behavior (i.e. D/L). Surprisingly, IRR mice performed better than Sham IRR mice in
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Figure 5. On an aversive pattern separation test, mice exposed to whole body 56Fe IRR at 6-month of age
discriminate two contexts earlier than mice exposed to Sham IRR. (a) Sham mice discriminate Context A
(shock context) from Context B (non-shock context) by Block 5. (b,c) Frac (b) and Non-Frac (c) 56Fe mice
discriminate Context A from Context B by Block 2. (d–f) When examined at Block 2 (d), Block 4 (e), and Block
6 (f), Frac and Non-Frac 56Fe discriminate by Block 2. Sham: n = 10, Frac:n = 10, Non-Frac: n = 9. Mean ± SEM.
Two-way RM ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Bonferroni post-hoc tests in a–f.
a p < 0.05, a’ p < 0.01, a” p < 0.001, a”’ p < 0.0001 in Context A vs B. Frac = fractionated, Non-Frac = nonfractionated.

pattern separation tasks when assessed on either appetitive (LD test) or aversive (CDFC) platforms. Both 56Fe and
28
Si IRR resulted in earlier and more consistent pattern separation in CDFC vs. respective Sham groups, showing
that HZE-induced improvement is not specific to a particular HZE particle. While this study was not powered to
assess dose-dependence, 20 cGy 56Fe IRR (either fractionated or non-fractiationed) appeared to improve pattern
separation in CDFC more effectively than 20 cGy of 28Si and roughly similar to 100 cGy of 28Si, a result which merits additional future study. Taken together, our study suggests whole body exposure of HZE particles in maturity
is not detrimental to high-level cognition, and actually enhances performance specifically in the mission-critical
task of pattern separation.
There are three aspects of the present results that are notable from the perspective of behavioral neuroscience
in general, and multiple memory systems in particular62,63. First, in both humans and rodents, hippocampal
damage can actually facilitate behavioral performance on certain tasks64,65. For example, when amnesic patients
with partial hippocampal injury are given extended exposure to study materials, they can improve their recognition memory to the level of control subjects. Such an improvement is not seen after severe hippocampal
injury. Thus, it is reasonable to consider whether the improved pattern separation ability presented here result
from HZE particle-induced partial damage to the hippocampus. This is unlikely, as the HZE particle parameters
used here do not induce detectable damage to post-mitotic neurons in the adult rodent brain66,67 or, as shown
here, deficits in other tasks that engage the hippocampus (PAL, CFC). Second, as memory mechanisms in the
medial temporal lobe (i.e. hippocampus) and basal ganglia (i.e. dorsal striatum) may sometimes compete63, it is
possible the improved dentate gyrus-based pattern separation reported here is associated with decreased dorsal striatum-based ‘habit’ learning. However, we find pattern separation is improved in 56Fe relative to Sham
mice without a change in VMCL habit learning, suggesting normal dorsal striatal function. Finally, the improved
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Figure 6. On an aversive pattern separation test, mice exposed to a different HZE particle - 28Si - at 6 month of
age also discriminate two contexts earlier than mice exposed to Sham IRR. (a) Sham mice discriminate Context
A (shock context) from Context B (non-shock context) by Block 5. (b,c) While 20 cGy 28Si mice (b) discriminate
Context A from Context B by Block 5, 100 cGy 28Si mice (c) discriminate by Block 3. (d–f) When examined
at Block 2 (d), Block 4 (e), and Block 6 (f), 100 cGy Si mice by Block 4 and both 20 cGy and 100 cGy 28Si mice
discriminate by Block 6. Sham: n = 8, Frac:n = 8, Non-Frac: n = 8. Mean ± SEM. Two-way RM ANOVA,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Bonferroni post-hoc tests in a-c,e-f, #p = 0.05–0.06, a
p < 0.05, a’ p < 0.01, a” p < 0.001, a”’ p < 0.0001 in Context A vs. B.

pattern separation reported here is reminiscent of the excessive attention seen in some psychiatric disorders such as autism or obsessive compulsive disorder (OCD) - and in animal models for these disorders68,69. Evaluation
of autistic- or OCD-like behavioral patterns after HZE particle exposure using other touchscreen paradigms
(i.e. extinction, 5-choice serial reaction time test, 5-choice continuous performance reaction task) would clarify
whether the improved pattern separation ability demonstrated here is accompanied by maladaptive behaviors (i.e.
impaired attention and increased impulsivity)70,71.
What might be the neural mechanism underlying the improved pattern separation in HZE-irradiated mice
reported here? One possibility is an HZE-induced shift in underlying brain circuit activity. In rodents and
humans, pattern separation requires the appropriate balance of activity in the entorhinal cortex-dentate gyrus
network57,72–74. In aged humans, a decline in pattern separation is proposed to be due to a hypoactive anterolateral
enthorhinal cortex and hyperactive dentate gyrus/CA375. Thus, it is possible the HZE-induced improved pattern
separation reported here in mouse results from an opposite activity shift: a hyperactive enthorhinal cortex and
hypoactive dentate gyrus/CA3. Indeed, in rodents, pattern separation performance is correlated with dentate
gyrus activity; better performance results in a hypoactive dentate gyrus, and worse performance results in a
hyperactive dentate gyrus54,72. As pattern separation engages distinct hippocampal networks relative to other
hippocampal-dependent tests (such as novel object recognition)76,77, such an HZE-induced shift in hippocampal
networks may explain why we see improved pattern separation - while other groups see decreased novel object
recognition - after HZE exposure.
Another possibility is that the improved pattern separation we report in HZE-irradiated mice is due to
HZE-induced conditions in the dentate gyrus that favor “sparse encoding” of entorhinal cortical input. Sparse
encoding is the concept that information - a stimulus, context, experience, memory, etc. - is represented by a relatively small number of simultaneously-active neurons78. Sparse encoding in dentate gyrus granule cell neurons
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Figure 7. Stereological quantification reveals fewer immature dentate gyrus neurons (doublecortin (DCX)+
cells) 4 months post-whole body 56Fe particle IRR relative to Sham mice. (a) Representative photomicrograph
of DCX+ cell in the mouse dentate gyrus subgranular zone. Insets: higher magnification of boxed areas in main
image. Scale bar = 100 um in a, 10 um in inset ii. (b,c) Relative to Sham mice, Frac, and Non-Frac 56Fe mice
have fewer DCX + dentate gyrus cells. Sham: n = 10, Frac:n = 10, Non-Frac: n = 9. Mean ± SEM. One-way
ANOVA Bonferroni posthoc. *p < 0.05 in b, Two-way ANOVA, Bonferroni posthoc. a’ p < 0.01 Sham vs. Frac,
b p < 0.05, b” p < 0.001 Sham vs. Frac in c. Frac = fractionated, Non-Frac = non-fractionated.

is critical for pattern separation, as it minimizes interference between memory representations of similar but
not identical experiences79–83. This sparsity is due in part to inhibition of dentate gyrus granule cell neurons by
GABAergic interneurons and mossy cells84,85. It is unknown how the HZE particle parameters used here influence
dentate gyrus GABAergic interneurons and mossy cells in mature mice. However, exposure to other energetic
particles that comprise space radiation alters the inhibitory network in the dentate gyrus and other hippocampal subregions of young adult rodents86,87. In the future, evaluation of GABAergic signaling and other measures relevant to sparse encoding (e.g. number and functionality of hilar interneurons and mossy cells, pattern of
memory-induced immediate early gene activation) after Mars-relevant exposure to space radiation would allow
testing of the hypothesis that HZE-induced improvement in sparse encoding contributes to the HZE-induced
improvement in pattern separation reported here.
A third possibility - and related to conditions that favor sparse encoding - is that HZE particle exposure
increases dentate gyrus neurogenesis. In young adult rodents, inducible increase in hippocampal neurogenesis
improves pattern separation, while inducible decrease in neurogenesis impairs pattern separation54,58,88. However,
here we show that improved pattern separation is not correlated with the number of new hippocampal neurons, at
least when examined 4 mon-post IRR (when the touchscreen pattern separation testing began in a parallel group
of mice). The present study did not assess the number of new neurons 2 mon-post IRR (when CDFC testing
began), and did not assess if IRR influences other measures of neurogenesis, such as synaptic connectivity and
dendritic integration. However, these data add to the growing evidence that the number of new neurons does not
always predict pattern separation performance, particularly in older rodents89,90. In fact, decreased hippocampal neurogenesis is proposed to diminish sensitivity to memory interference and thus improve performance
in certain memory tasks90,91. Computational models support that decreased neurogenesis may enhance sparse
encoding92,93, which as mentioned above may explain why we see improved pattern separation after HZE particle
exposure yet other groups see decreased performance in their behavioral tests.
The disconnect shown here between pattern separation and hippocampal neurogenesis raises interesting
future directions. Although historically tied to learning and memory, hippocampal neurogenesis also plays a
role in forgetting94 with high levels of hippocampal neurogenesis facilitating the forgetting of prior memories,
resulting in greater cognitive flexibility95. In converse, lower levels of hippocampal neurogenesis - as seen with
age - facilitate the persistence of prior memories, lead to more interference with new memory formation, and
thus may decrease cognitive flexibility95. As here we show irradiated mice have decreased neurogenesis relative
to control mice (4 mon post-IRR), it is possible irradiated mice have consequently decreased forgetting (greater
memory persistence) and also experience more proactive interference from past memories and would have less
cognitive flexibility. Rodent cognitive flexibility can be directly tested using a reversal learning paradigm similar
to the PD reversal learning task presented here. However, this task does not test rodent memory retention, and
as we have shown, this relatively simplistic reversal learning is not affected by HZE radiation exposure. If the PD
memory load were to be increased - for example, by training with more pairs of images - the rodent’s ability to
then perform reversal with this larger number of stimuli would provide a more robust interrogation of cognitive
flexibility. Alternatively, future experiments can hone in on dentate gyrus-specific cognitive flexibility via assessed
LD reversal39,42,58, which contrasts with the PD reversal reliance on non-dentate gyrus brain regions (primarily
PFC, perirhinal cortex, striatal circuits). Specifically, a challenging LD within-session reversal test would provide
clarity as to whether IRR mice have decreased dentate gyrus specific-cognitive flexibility relative to controls42.
Finally, future experiments could probe the influence of HZE particle exposure on the converse of pattern separation: pattern completion (i.e. formation of an accurate generalization of partial sensory input). Pattern separation
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and pattern completion abilities have a reciprocal relationship in both mice and aged humans88,96. As we show
HZE particle exposure improves pattern separation (fine detail discrimination) and may increase proactive interference (given the decreased neurogenesis), it is possible irradiated mice have improved pattern separation yet
worse pattern completion ability. If that were true, we could then further explore the possibility that the functional switch from pattern completion to pattern separation is driven in part by a slowing of the development of
adult-generated neurons88,97. However, pattern completion relies on memory recall88, which is assessed in our
PAL paradigm41 and is normal in our irradiated mice.
In conclusion, it is understandable that HZE particle exposure is presumed to have a negative influence on
some lower and high-level cognitive functions, as many studies support this conclusion12,14,33,40,98,99. However, our
study shows this is not universally true. Mature male mice that receive whole-body exposure to two different HZE
particles perform similarly to control mice on many high-level cognitive tasks, reflecting the functional integrity of key neural circuits (i.e. PFC-perirhinal cortex-striatum, dorsal striatum, posterior cingulate cortex, hippocampus). Strikingly, mice irradiated with either 56Fe or 28Si actually perform “better” than control mice in both
appetitive and aversive pattern separation tasks. Whether this HZE exposure-induced dentate gyrus-selective
functional enhancement is compensation to earlier irradiation-induced neuromorphological changes100 remains
to be tested, as does the task-, dose-, particle-, and LET-dependence of this functional enhancement. However,
our work urges revisitation of the generally-accepted conclusion that space radiation is detrimental to cognition.

Methods

Animals. Animal procedures and husbandry were in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals, and performed in IACUC-approved facilities at UT Southwestern
Medical Center (Dallas, TX), Children’s Hospital of Philadelphia (Philadelphia, PA), and Brookhaven National
Laboratories (BNL, Upton NY). 2-month(mon)-old male C57BL/6J mice (JAX stock #000664) were housed at
UTSW and shipped to BNL for irradiation at 6 mon of age. At both facilities, food and water were provided ad
libitum except during the appetitive behavior tasks (see also Supporting Information [SI] text).
Particle irradiation (IRR).

Mice received whole body HZE (56Fe or 28Si) particle IRR at BNL’s NASA Space
Radiation Laboratory (NSRL). All mice were placed for 15 minutes (min) in modified clear polystyrene cubes (SI
text). For 56Fe experiments, mice received Sham IRR (placed in cubes Monday, Wednesday, Friday, but received
no IRR) or Fractionated (Frac) 20 cGy 56Fe (600 MeV/n, LET 174 KeV/μ, dose rate 20 cGy/min; placed in cubes
and received 6.7 cGy on Monday, Wednesday, and Friday), and some experiments (Fig. 1) also included a group
that received Non-Fractionated (Non-Frac) 20 cGy 56Fe (placed in cubes Monday, Wednesday, and Friday but
received 20 cGy only on Friday). For 28Si IRR, mice received Sham IRR (placed in cubes, but received no IRR) or
a single exposure of either 20 cGy or 100 cGy 28Si (275 MeV/n, LET 72 KeV/μ, dose rate 20 cGy/min or 100 cGy/
min).

Overview of behavioral testing. All mice began behavior testing 1-2-mon post-IRR, but within each
cohort (Fig. 1a,e), the interval between radiation exposure and behavioral testing was equal for Sham and IRR
groups. Parallel groups of mice were tested for appetitive touchscreen behavioral tests (operant touchscreen platform: touchscreen training; Pairwise Discrimination, PD; PD reversal; Location Discrimination, LD; different
paired associates learning, PAL; Visuomotor Conditional Learning, VMCL) vs. aversive behavioral tests (contextual fear conditioning, CFC; contextual discrimination fear conditioning, CDFC). Subsets of mice were also
tested for general activity (locomotor, LM), anxiety (dark/light box test, D/L) and pain sensitivity (pain threshold,
PT; SI text).
Appetitive behavior testing. The touchscreen platform used was Model 80614 made by Lafayette Instruments
(Lafayette, IN). Additional touchscreen methods are in SI text.
Aversive behavior testing. CDFC overview is provided below. See Figs. S2,S3 and SI text for additional CDFC
information, and for detailed information about CFC.
Contextual discrimination fear conditioning (CDFC). A modified CDFC behavioral paradigm was utilized in
which mice were exposed daily to two contexts (Context A and B) that shared similarities (including a floor
pattern, a high-salience contextual feature55,88,101 (SI text). Importantly, Context A was always paired with a foot
shock, while Context B was never paired with a foot shock, as described below. Mice were exposed daily to both
Context A and Context B for 16 days. The order of exposure to Context A and B alternated between days (Fig. S2).

Tissue collection. After completion of behavioral tests, mice underwent intracardial perfusion, fixation, and
tissue sectioning as previously described47,102 with additional detail provided in SI text.
Immunohistochemistry (IHC).
additional detail provided in SI text.

Immunohistochemistry was performed as previously described47,51 with

Stereological cell quantification. Unbiased analysis of DCX + cell number was performed via stereologic quantification on a BX51 System Microscope (Olympus America, Center Valley, PA, USA) as previously
described47,51.
Statistical analyses.

Data are reported as mean ± s.e.m. Testing of data assumptions (for example, normal distribution, similar variation between control and experimental groups, etc.) and statistical analyses were
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performed in GraphPad Prism (ver. 8.2.0). Statistical approaches and results are provided in Table S1 for main
figures and in Table S2 for supplementary figures, and statistical analysis summaries are provided in the figure legends. Analyses with two groups were performed using an unpaired, two-tailed Student’s t-test and analyses with
more than two groups and one variable were performed using one-way ANOVA and Bonferroni post hoc test.
Analyses with more than two variables were performed using two-way ANOVA with Bonferroni post hoc test;
repeated measures (RM) were used where appropriate, as indicated in figure legends and Tables S1, S2. For the
distribution of subjects reaching criteria between control and experimental groups, the Mantel-Cox test was used,
and significance was defined as *p < 0.05. For behavioral studies, mice were randomly assigned to groups. Sample
sizes were pre-determined via power analysis and confirmed on the basis of extensive laboratory experience and
consultation with CHOP and PennMed statisticians.

Datasets. Raw data are made available to researchers on written request.
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TX; AAALAC Accreditation #000673, PHS Animal Welfare Assurance D16–00296, Office of Laboratory
Animal Welfare [OLAW] A3472-01), Children’s Hospital of Philadelphia (CHOP, Philadelphia, PA; AAALAC
Accreditation #000427, PHS Animal Welfare Assurance D16-00280 [OLAW A3442-01]) and Brookhaven
National Laboratories (BNL, Upton NY; AAALAC Accreditation #000048, PHS Animal Welfare Assurance D1600067 [OLAW A3106-01]).
Dual-use research. Not applicable.
Permissions. This manuscript represents original work, and is not a reproduction or modification of any part
of an article that has been previously published or submitted to another journal.
Received: 15 November 2019; Accepted: 23 January 2020;
Published: xx xx xxxx

References

1. Vazquez, M. E. Neurobiological problems in long-term deep space flights. Adv. Space Res. 22, 171–183 (1998).
2. Setlow, R. B. The hazards of space travel: Before sending out astronauts on an interplanetary mission, we need to investigate how
the conditions in space affect human health. The International Space Station is therefore of huge importance to ensure the health
of a spaceship crew travelling to other planets. EMBO Rep. 4, 1013–1016 (2003).
3. Human Health and Performance Risks of Space Exploration Missions: Evidence Reviewed by the NASA Human Research
Program. (Government Printing Office, 2009).
4. Chancellor, J. C., Scott, G. B. I. & Sutton, J. P. Space Radiation: The Number One Risk to Astronaut Health beyond Low Earth Orbit.
Life 4, 491–510 (2014).
5. National Academies of Sciences, Engineering, and Medicine, Health and Medicine Division, Board on Health Sciences Policy &
Committee to Review NASA’s Evidence Reports on Human Health Risks. Review of NASA’s Evidence Reports on Human Health
Risks: 2016 Letter Report. (National Academies Press, 2017).
6. Cucinotta, F. A., Kim, M. H., Chappell, L. J. & Huff, J. L. How safe is safe enough? Radiation risk for a human mission to Mars. PLoS
One 8, e74988 (2013).
7. Nelson, G. A. Space Radiation and Human Exposures, A Primer. Radiat. Res. 185, 349–358 (2016).
8. Zeitlin, C. & La Tessa, C. The Role of Nuclear Fragmentation in Particle Therapy and Space Radiation Protection. Front. Oncol. 6,
65 (2016).
9. Cucinotta, F. A., Kim, M.-H. Y. & Ren, L. Evaluating shielding effectiveness for reducing space radiation cancer risks. Radiat. Meas.
41, 1173–1185 (2006).
10. Spillantini, P. et al. Shielding from cosmic radiation for interplanetary missions: Active and passive methods. Radiat. Meas. 42,
14–23 (2007).
11. Durante, M. Space radiation protection: Destination Mars. Life Sci. Space Res. 1, 2–9 (2014).
12. Cucinotta, F. A., Alp, M., Sulzman, F. M. & Wang, M. Space radiation risks to the central nervous system. Life Sciences in Space
Research 2, 54–69 (2014).
13. Jandial, R., Hoshide, R., Waters, J. D. & Limoli, C. L. Space-brain: The negative effects of space exposure on the central nervous
system. Surg. Neurol. Int. 9, 9 (2018).
14. Kiffer, F., Boerma, M. & Allen, A. Behavioral effects of space radiation: A comprehensive review of animal studies. Life Sci. Space
Res. 21, 1–21 (2019).
15. Acharya, M. M. et al. New concerns for neurocognitive function during deep space exposures to chronic, low dose rate, neutron
radiation. eNeuro https://doi.org/10.1523/ENEURO.0094-19.2019 (2019).
16. Raber, J. et al. Combined Effects of Three High-Energy Charged Particle Beams Important for Space Flight on Brain, Behavioral
and Cognitive Endpoints in B6D2F1 Female and Male Mice. Frontiers in Physiology vol. 10 (2019).
17. Rabin, B. M. et al. Effects of exposure to 12C and 4He particles on cognitive performance of intact and ovariectomized female rats.
Life Sciences in Space Research 22, 47–54 (2019).
18. Rabin, B. M., Poulose, S. M., Bielinski, D. F. & Shukitt-Hale, B. Effects of head-only or whole-body exposure to very low doses of
4He (1000 MeV/n) particles on neuronal function and cognitive performance. Life Sci. Space Res. 20, 85–92 (2019).
19. Jones, C. B. et al. Short and Long-Term Changes in Social Odor Recognition and Plasma Cytokine Levels Following Oxygen (16O)
Ion Radiation Exposure. Int. J. Mol. Sci. 20 (2019).

Scientific Reports |

(2020) 10:2737 | https://doi.org/10.1038/s41598-020-59419-z

12

www.nature.com/scientificreports/

www.nature.com/scientificreports

20. Howe, A. et al. Long-Term Changes in Cognition and Physiology after Low-Dose 16O Irradiation. Int. J. Mol. Sci. 20 (2019).
21. Belov, O. V. et al. Neurochemical insights into the radiation protection of astronauts: Distinction between low- and moderate-LET
radiation components. Physica Medica 57, 7–16 (2019).
22. Batmunkh, M., Aksenova, S. V., Bayarchimeg, L., Bugay, A. N. & Lkhagva, O. Optimized neuron models for estimation of charged
particle energy deposition in hippocampus. Phys. Med. 57, 88–94 (2019).
23. Kokhan, V. S. et al. Combined effects of antiorthostatic suspension and ionizing radiation on the behaviour and neurotransmitters
changes in different brain structures of rats. Behav. Brain Res. 320, 473–483 (2017).
24. Kokhan, V. S., Shakhbazian, E. V. & Markova, N. A. Psycho-emotional status but not cognition is changed under the combined
effect of ionizing radiations at doses related to deep space missions. Behav. Brain Res. 362, 311–318 (2019).
25. Carrihill-Knoll, K. L., Rabin, B. M., Shukitt-Hale, B., Joseph, J. A. & Carey, A. Amphetamine-induced taste aversion learning in
young and old F-344 rats following exposure to 56Fe particles. Age 29, 69–76 (2007).
26. Rabin, B. M., Joseph, J. A., Shukitt-Hale, B. & Carrihill-Knoll, K. L. Interaction between age of irradiation and age of testing in the
disruption of operant performance using a ground-based model for exposure to cosmic rays. Age 34, 121–131 (2012).
27. Britten, R. A. et al. Exposure to mission relevant doses of 1 GeV/Nucleon (56)Fe particles leads to impairment of attentional setshifting performance in socially mature rats. Radiat. Res. 182, 292–298 (2014).
28. Rabin, B. M., Carrihill-Knoll, K. L., Miller, M. G. & Shukitt-Hale, B. Age as a factor in the responsiveness of the organism to the
disruption of cognitive performance by exposure to HZE particles differing in linear energy transfer. Life Sciences in Space Research
16, 84–92 (2018).
29. Cekanaviciute, E., Rosi, S. & Costes, S. V. Central Nervous System Responses to Simulated Galactic Cosmic Rays. Int. J. Mol. Sci.
19, (2018).
30. Moore, T. M. et al. Validation of the Cognition Test Battery for Spaceflight in a Sample of Highly Educated Adults. Aerosp Med Hum
Perform 88, 937–946 (2017).
31. Basner, M. et al. Cognition Test Battery. PsycTESTS Dataset. https://doi.org/10.1037/t62872-000 (2017).
32. Gershon, R. C. et al. NIH toolbox for assessment of neurological and behavioral function. Neurology 80, S2–6 (2013).
33. Britten, R. A., Miller, V. D., Hadley, M. M., Jewell, J. S. & Macadat, E. Performance in hippocampus- and PFC-dependent cognitive
domains are not concomitantly impaired in rats exposed to 20cGy of 1GeV/n (56)Fe particles. Life Sci. Space Res. 10, 17–22 (2016).
34. Cherry, J. D. et al. Galactic cosmic radiation leads to cognitive impairment and increased aβ plaque accumulation in a mouse
model of Alzheimer’s disease. PLoS One 7, e53275 (2012).
35. Rabin, B. M., Shukitt-Hale, B. & Carrihill-Knoll, K. L. Effects of Age on the Disruption of Cognitive Performance by Exposure to
Space Radiation. J. Behav. Brain Sci. 04, 297–307 (2014).
36. Nasrini, J., Dinges, D., Binsted, K. & Caldwell, B. J. Cognitive performance in long-duration Mars simulations at the Hawaii space
exploration analog and simulation (HI-SEAS). in NASA Human Research Program Investigators’ Workshop 1–2 (2017).
37. Hvoslef-Eide, M., Nilsson, S. R. O., Saksida, L. M. & Bussey, T. J. Cognitive Translation Using the Rodent Touchscreen Testing
Approach. Curr. Top. Behav. Neurosci. 28, 423–447 (2016).
38. Kangas, B. D. & Bergman, J. Touchscreen technology in the study of cognition-related behavior. Behav. Pharmacol. 28, 623–629
(2017).
39. Oomen, C. A. et al. The touchscreen operant platform for testing working memory and pattern separation in rats and mice. Nat.
Protoc. 8, 2006–2021 (2013).
40. Davis, C. M., DeCicco-Skinner, K. L., Roma, P. G. & Hienz, R. D. Individual differences in attentional deficits and dopaminergic
protein levels following exposure to proton radiation. Radiat. Res. 181, 258–271 (2014).
41. Horner, A. E. et al. The touchscreen operant platform for testing learning and memory in rats and mice. Nat. Protoc. 8, 1961–1984
(2013).
42. Swan, A. A. et al. Characterization of the role of adult neurogenesis in touch-screen discrimination learning. Hippocampus 24,
1581–1591 (2014).
43. Delotterie, D. F. et al. Touchscreen tasks in mice to demonstrate differences between hippocampal and striatal functions. Neurobiol.
Learn. Mem. 120, 16–27 (2015).
44. Cucinotta, F. A. & Durante, M. Cancer risk from exposure to galactic cosmic rays: implications for space exploration by human
beings. Lancet Oncol. 7, 431–435 (2006).
45. Hellweg, C. E. & Baumstark-Khan, C. Getting ready for the manned mission to Mars: the astronauts’ risk from space radiation.
Naturwissenschaften 94, 517–526 (2007).
46. Thames, H. D. An ‘Incomplete-repair’ Model for Survival after Fractionated and Continuous Irradiations. International Journal of
Radiation Biology and Related Studies in Physics, Chemistry and Medicine 47, 319–339 (1985).
47. Whoolery, C. W. et al. Whole-Body Exposure to (28)Si-Radiation Dose-Dependently Disrupts Dentate Gyrus Neurogenesis and
Proliferation in the Short Term and New Neuron Survival and Contextual Fear Conditioning in the Long Term. Radiat. Res.
https://doi.org/10.1667/RR14797.1 (2017).
48. Chudasama, Y., Bussey, T. J. & Muir, J. L. Effects of selective thalamic and prelimbic cortex lesions on two types of visual
discrimination and reversal learning. Eur. J. Neurosci. 14, 1009–1020 (2001).
49. Delotterie, D., Mathis, C., Cassel, J.-C., Dorner-Ciossek, C. & Marti, A. Optimization of Touchscreen-Based Behavioral Paradigms
in Mice: Implications for Building a Battery of Tasks Taxing Learning and Memory Functions. PLoS One 9, e100817 (2014).
50. Casadesus, G. et al. Hippocampal neurogenesis and PSA-NCAM expression following exposure to 56Fe particles mimics that seen
during aging in rats. Exp. Gerontol. 40, 249–254 (2005).
51. DeCarolis, N. A. et al. (56)Fe Particle Exposure Results in a Long-Lasting Increase in a Cellular Index of Genomic Instability and
Transiently Suppresses Adult Hippocampal Neurogenesis in Vivo. Life Sci. Space Res. 2, 70–79 (2014).
52. Raber, J. et al. Effects of whole body 56Fe radiation on contextual freezing and Arc-positive cells in the dentate gyrus. Behav. Brain
Res. 246, 162–167 (2013).
53. Kesner, R. P. An analysis of dentate gyrus function (an update). Behav. Brain Res. https://doi.org/10.1016/j.bbr.2017.07.033 (2017).
54. Sahay, A. et al. Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation. Nature 472, 466–470 (2011).
55. McHugh et al. Dentate Gyrus NMDA Receptors Mediate Rapid Pattern Separation in the Hippocampal Network. Science 317,
94–99 (2007).
56. Schaefer, H. J. & Sullivan, J. J. Atlas of nuclear emulsion micrographs from personnel dosimeters of manned space missions. (1976).
57. Zhuo, J.-M. et al. Young adult born neurons enhance hippocampal dependent performance via influences on bilateral networks.
Elife 5, (2016).
58. Clelland, C. D. et al. A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 325, 210–213
(2009).
59. Francis, F. et al. Doublecortin is a developmentally regulated, microtubule-associated protein expressed in migrating and
differentiating neurons. Neuron 23, 247–256 (1999).
60. Phillips, B. U., Lopez-Cruz, L., Saksida, L. M. & Bussey, T. J. Translational tests involving non-reward: methodological
considerations. Psychopharmacology 236, 449–461 (2019).
61. Craven, P. A. & Rycroft, M. J. Fluxes of galactic iron nuclei and associated HZE secondaries, and resulting radiation doses, in the
brain of an astronaut. Advances in Space Research 14, 873–878 (1994).
62. Nadel, L. Multiple memory systems: what and why. J. Cogn. Neurosci. 4, 179–188 (1992).

Scientific Reports |

(2020) 10:2737 | https://doi.org/10.1038/s41598-020-59419-z

13

www.nature.com/scientificreports/

www.nature.com/scientificreports

63. Poldrack, R. A. & Packard, M. G. Competition among multiple memory systems: converging evidence from animal and human
brain studies. Neuropsychologia 41, 245–251 (2003).
64. Reed, J. M., Hamann, S. B., Stefanacci, L. & Squire, L. R. When amnesic patients perform well on recognition memory tests. Behav.
Neurosci. 111, 1163–1170 (1997).
65. Schwarting, R. K. W. & Busse, S. Behavioral facilitation after hippocampal lesion: A review. Behav. Brain Res. 317, 401–414 (2017).
66. Tofilon, P. J. & Fike, J. R. The radioresponse of the central nervous system: a dynamic process. Radiat. Res. 153, 357–370 (2000).
67. Grosshans, D. R., Duman, J. G., Gaber, M. W. & Sawakuchi, G. Particle Radiation Induced Neurotoxicity in the Central Nervous
System. International Journal of Particle Therapy 5, 74–83 (2018).
68. Kheirbek, M. A., Klemenhagen, K. C., Sahay, A. & Hen, R. Neurogenesis and generalization: a new approach to stratify and treat
anxiety disorders. Nat. Neurosci. 15, 1613–1620 (2012).
69. Lissek, S. Toward an account of clinical anxiety predicated on basic, neurally mapped mechanisms of Pavlovian fear-learning: the
case for conditioned overgeneralization. Depress. Anxiety 29, 257–263 (2012).
70. Mar, A. C. et al. The touchscreen operant platform for assessing executive function in rats and mice. Nat. Protoc. 8, 1985–2005
(2013).
71. Davis, G. L. et al. Functional coding variation in the presynaptic dopamine transporter associated with neuropsychiatric disorders
drives enhanced motivation and context-dependent impulsivity in mice. Behav. Brain Res. 337, 61–69 (2018).
72. Ikrar, T. et al. Adult neurogenesis modifies excitability of the dentate gyrus. Front. Neural Circuits 7, 204 (2013).
73. Leal, S. L. & Yassa, M. A. Integrating new findings and examining clinical applications of pattern separation. Nat. Neurosci. 21,
163–173 (2018).
74. Tran, T., Bridi, M., Koh, M. T., Gallagher, M. & Kirkwood, A. Reduced cognitive performance in aged rats correlates with increased
excitation/inhibition ratio in the dentate gyrus in response to lateral entorhinal input. Neurobiol. Aging 82, 120–127 (2019).
75. Reagh, Z. M. et al. Functional Imbalance of Anterolateral Entorhinal Cortex and Hippocampal Dentate/CA3 Underlies AgeRelated Object Pattern Separation Deficits. Neuron 97, 1187–1198.e4 (2018).
76. Kubik, S., Miyashita, T. & Guzowski, J. F. Using immediate-early genes to map hippocampal subregional functions. Learn. Mem.
14, 758–770 (2007).
77. Barbosa, F. F. et al. Differential Cortical c-Fos and Zif-268 Expression after Object and Spatial Memory Processing in a Standard or
Episodic-Like Object Recognition Task. Front. Behav. Neurosci. 7, 112 (2013).
78. Olshausen, B. A. & Field, D. J. Sparse coding of sensory inputs. Curr. Opin. Neurobiol. 14, 481–487 (2004).
79. Leutgeb, J. K., Leutgeb, S., Moser, M.-B. & Moser, E. I. Pattern separation in the dentate gyrus and CA3 of the hippocampus. Science
315, 961–966 (2007).
80. Diamantaki, M., Frey, M., Berens, P., Preston-Ferrer, P. & Burgalossi, A. Sparse activity of identified dentate granule cells during
spatial exploration. Elife 5 (2016).
81. Dieni, C. V., Nietz, A. K., Panichi, R., Wadiche, J. I. & Overstreet-Wadiche, L. Distinct determinants of sparse activation during
granule cell maturation. J. Neurosci. 33, 19131–19142 (2013).
82. Neunuebel, J. P. & Knierim, J. J. Spatial firing correlates of physiologically distinct cell types of the rat dentate gyrus. J. Neurosci. 32,
3848–3858 (2012).
83. Danielson, N. B. et al. Distinct Contribution of Adult-Born Hippocampal Granule Cells to Context Encoding. Neuron 90, 101–112
(2016).
84. Szabo, G. G. et al. Extended Interneuronal Network of the Dentate Gyrus. Cell Rep. 20, 1262–1268 (2017).
85. Cayco-Gajic, N. A. & Silver, R. A. Re-evaluating Circuit Mechanisms Underlying Pattern Separation. Neuron 101, 584–602 (2019).
86. Lee, S.-H. et al. Neurophysiology of space travel: energetic solar particles cause cell type-specific plasticity of neurotransmission.
Brain Struct. Funct. 1–13 (2016).
87. Marty, V. N. et al. Radiation-induced alterations in synaptic neurotransmission of dentate granule cells depend on the dose and
species of charged particles. Radiat. Res. 182, 653–665 (2014).
88. Nakashiba, T. et al. Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion.
Cell 149, 188–201 (2012).
89. Cès, A. et al. Age-related vulnerability of pattern separation in C57BL/6J mice. Neurobiol. Aging 62, 120–129 (2018).
90. Saxe, M. D. et al. Paradoxical influence of hippocampal neurogenesis on working memory. Proc. Natl. Acad. Sci. USA 104,
4642–4646 (2007).
91. Becker, S. Neurogenesis and pattern separation: time for a divorce. Wiley Interdiscip. Rev. Cogn. Sci. 8 (2017).
92. O’Reilly, R. C. & Rudy, J. W. Conjunctive representations in learning and memory: principles of cortical and hippocampal function.
Psychol. Rev. 108, 311–345 (2001).
93. Finnegan, R. & Becker, S. Neurogenesis paradoxically decreases both pattern separation and memory interference. Front. Syst.
Neurosci. 9, 136 (2015).
94. Akers, K. G. et al. Hippocampal neurogenesis regulates forgetting during adulthood and infancy. Science 344, 598–602 (2014).
95. Tello-Ramos, M. C., Branch, C. L., Kozlovsky, D. Y., Pitera, A. M. & Pravosudov, V. V. Spatial memory and cognitive flexibility
trade-offs: to be or not to be flexible, that is the question. Anim. Behav. https://doi.org/10.1016/j.anbehav.2018.02.019 (2018).
96. Vieweg, P., Stangl, M., Howard, L. R. & Wolbers, T. Changes in pattern completion–a key mechanism to explain age-related
recognition memory deficits? Cortex 64, 343–351 (2015).
97. Trinchero, M. F. et al. High Plasticity of New Granule Cells in the Aging Hippocampus. Cell Rep. 21, 1129–1139 (2017).
98. Wyrobek, A. J. & Britten, R. A. Individual variations in dose response for spatial memory learning among outbred wistar rats
exposed from 5 to 20 cGy of 56Fe particles. Environ. Mol. Mutagen. 57, 331–340 (2016).
99. Davis, C. M., DeCicco-Skinner, K. L. & Hienz, R. D. Deficits in Sustained Attention and Changes in Dopaminergic Protein Levels
following Exposure to Proton Radiation Are Related to Basal Dopaminergic Function. PLoS One 10, e0144556 (2015).
100. Parihar, V. K. et al. Persistent changes in neuronal structure and synaptic plasticity caused by proton irradiation. Brain Struct.
Funct. 220, 1161–1171 (2015).
101. Huckleberry, K. A., Ferguson, L. B. & Drew, M. R. Behavioral mechanisms of context fear generalization in mice. Learn. Mem. 23,
703–709 (2016).
102. Yun, S. et al. Stimulation of entorhinal cortex-dentate gyrus circuitry is antidepressive. Nat. Med. 24, 658–666 (2018).

Acknowledgements

Research supported by NASA grants NNX07AP84G (to BPC and AJE), NNX12AB55G (to AJE and BPC), and
NNX15AE09G (to AJE) and NIH grants to AJE DA007290, DA023555, and DA016765. CWW was supported
by an NIH Institutional Training grant (DA007290, PI: AJE, David W. Self), and SY was supported by an NIH
Institutional Training Grant (MH076690, PI: CA Tamminga), a PENN McCabe award, an 2019 IBRO travel grant
and NARSAD Young Investigator Grant from the Brain and Behavior Research Foundation. We thank members
of the Eisch, Chen, and Stowe Laboratories for technical support and helpful conversations, particularly Lyles
Clark, Fred Kiffer, Guillermo Palchik, Shibani Mukherjee, Vanessa Torres, Angela Walker, and Kielen Zuurbier.
We also thank Steve Maren and Craig Stark for their comments that greatly helped our data interpretation. We are
Scientific Reports |

(2020) 10:2737 | https://doi.org/10.1038/s41598-020-59419-z

14

www.nature.com/scientificreports/

www.nature.com/scientificreports

deeply grateful to members of the Brookhaven National Laboratory staff including Adam Rusek (Physics team
leader), MaryAnn Petry (animal support director), Peter Guida (organization and technical support director)
as well as all of their team members and the BNL IACUC committee who help make our experiments possible.

Author contributions

(based on Project CRediT) listed via initials and alphabetically by last name Conceptualization: S.G.B., B.P.C.C.,
A.J.E., M.J.L., C.W.W., S.Y. Methodology: S.G.B., B.P.C.C., A.J.E., M.J.L., I.S., F.T., C.W.W., S.Y. Software: Not
applicable Validation: M.J.L., R.P.R., I.S., C.W.W., S.Y. Formal Analysis: S.G.B., A.J.E., N.I., M.J.L., D.R.R., P.D.R.,
R.L.R., I.S., H. Y.S, F.T., C.W.W., S.Y. Investigation: S.G.B., A.J.E., N.I., M.J.L., R.L.R., D.R.R., P.D.R., H.Y.S., C.W.W.
Resources: S.G.B., A.J.E., AMS Data Curation: A.J.E., M.J.L., R.P.R., C.W.W., S.Y. Writing, original draft: A.J.E.,
C.W.W., S.Y. Writing, review and editing: S.G.B., A.J.E., I.S, C.W.W., S.Y. Visualization: A.J.E, R.P.R., C.W.W., S.Y.
Supervision: A.J.E., A.M.S., S.Y. Projection Administration: A. J.E., A.M.S. Funding Acquisition: B.C.C., A.J.E.,
S.Y.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59419-z.
Correspondence and requests for materials should be addressed to A.J.E.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |

(2020) 10:2737 | https://doi.org/10.1038/s41598-020-59419-z

15

